Abstract We show that reductive methylation of proteins can be used for highly sensitive NMR identification of conformational changes induced by metal-and small molecule binding, as well as protein-protein interactions. Reductive methylation of proteins introduces two 13 C-methyl groups on each lysine in the protein of interest. This method works well even when the lysines are not actively involved in the interaction, due to changes in the microenvironments of lysine residues. Most lysine residues are located on the protein exterior, and the exposed 13 C-methyl groups may exhibit rapid localized motions. These motions could be faster than the tumbling rate of the molecule as a whole. Thus, this technique has great potential in the study of large molecular weight systems which are currently beyond the scope of conventional NMR methods.
Introduction
While NMR studies of large proteins and protein-protein complexes have become more feasible due to the use of TROSY-based approaches on perdeuterated and methylprotonated proteins (Kay and Gardner 1997; Pervushin et al. 1997; Tugarinov and Kay 2004) , they are limited by the ability to produce proteins enriched with stable isotopes. Stable isotopes are most commonly introduced into recombinant proteins expressed in E. coli. It is becoming exceedingly evident that some proteins cannot easily be expressed in, and purified from, bacterial cells. Complex folding processes in a eukaryotic host are often required for proteins to achieve their proper conformations and posttranslational modifications. Incorporation of stable isotopes is very difficult and often not feasible in these expression systems. This problem significantly hampers NMR-based characterization of a great number of large proteins and protein-protein complexes.
Here we show how incorporation of 13 C methyl groups into the protein of interest via reductive methylation of lysine residues achieves sensitive NMR signal detection in a protein that is not otherwise isotopically enriched. In addition, we show that 13 C methyl groups added to lysines could be detected with higher sensitivity than those on aliphatic amino acids in 13 C enriched proteins. We postulate that the increased sensitivity in NMR signal detection may be related to superior relaxation properties of methyl groups on lysines and to degenerate chemical shifts in di-methylated sites. Thus, we propose that reductive methylation may facilitate NMR studies of large molecular weight proteins and multi-molecular protein complexes.
First introduced in 1968 (Means and Feeney 1968) , reductive methylation was used by several NMR laboratories to study protein-protein and protein-nucleic acid interactions, primarily where lysine residues were directly involved in binding (Dick et al. 1988 (Dick et al. , 1989 Moore et al. 1998; Sparks et al. 1992) . Numerous X-ray crystallography and NMR studies have shown that reductive methylation does not perturb protein structure (Gerken et al. 1982; Kurinov et al. 2000; Rayment 1997; Walter et al. 2006) , and that methylated lysines still retain their positive charge (Rayment 1997) . In addition, analysis of crystal packing in methylated lysozyme shows that reductive methylation is unlikely to induce artificial protein-protein interactions (Rypniewski et al. 1993 ). Zhang and Vogel used reductive methylation to measure pKa values of lysines in Calmodulin in the apo-and calcium-bound forms, as well as in complex with the myosin light chain kinase peptide (Zhang and Vogel 1993) . Recently, a technique for NMR resonance assignment of methyl signals in reductively methylated proteins has been reported. It is based on massspectrometry and NMR measurement of rates of methylation (Macnaughtan et al. 2005) . Despite these developments, the technique of reductive methylation still remains underutilized in the field of NMR.
In this paper we describe the use of reductive methylation of lysine residues with 13 C enriched formaldehyde as a method for detection of protein-ligand interactions. The human calcium modulator protein Calmodulin (CaM) serves as our model system. We demonstrate that conformational changes in methylated CaM due to calcium binding, interactions with a peptide representing the hyper variable region (HVR) of human oncogene K-Ras4B, as well as small molecule (W7) binding can be detected. Evidence increasingly suggests that molecular interactions occur through the induced fit mechanism which usually involves a conformational change (Swain and Gierasch 2006; Valente et al. 2006) . Therefore, the technique of reductive methylation could be used to study conformational rearrangements occurring in response to molecular interactions. In addition, this technique may be extremely useful to the pharmaceutical industry, since it provides a rapid and relatively inexpensive way to screen for potential drugs that alter protein conformations. Our studies suggest that the 13 C methyl groups on lysines act as structural probes and can be used to identify protein-ligand interactions even when these residues are not directly involved in binding. This illustrates that reductive methylation could be a powerful technique in NMR studies.
Materials and methods
Human CaM was expressed and purified using modifications of previously described protocols (Gopalakrishna and Anderson 1982) . Human CaM was cloned into the pET42a expression-vector (Novagen), using the NdeI and XhoI restriction sites. The protein was expressed under standard conditions in LB media using E. coli BL21-A1 cells (Invitrogen). The cells were harvested by centrifugation at 6,000 rpm at 4°C. The pellet was resuspended in 10 mM Tris/HCl pH 7.6, 5 mM CaCl 2 and 10 mM b-mercaptoethanol and incubated at 65°C for 30 min. The suspension was centrifuged for 30 min at 18,000 rpm in an SS34 rotor at 4°C, and the protein was purified using a Phenyl-Sepharose Ò CL-4B column (Sigma). The column was washed three times with resuspension buffer and the protein was eluted using 10 mM Tris/HCl pH 7.6, 10 mM EDTA and 10 mM b-mercaptoethanol. The protein was dialyzed into 10 mM HEPES pH 7.6, 10 mM CaCl 2 and 10 mM b-mercaptoethanol. Reductive methylation was performed as described (Means and Feeney 1968) . Briefly, 20 ll of 1 M borane-ammonia complex (NH 3 -BH 3 ) (Sigma) and 40 ll of 1 M 13 C formaldehyde (Cambridge Isotope Laboratories, Inc) were added to 1 ml of protein and the reaction was incubated for 2 h with stirring at 4°C. The addition of borane-ammonia complex and 13 C formaldehyde was repeated, and the mixture incubated for another 2 h. After the addition of another 10 ll of 1 M borane-ammonia complex, the reaction mixture was incubated at 4°C with stirring overnight. The reaction was stopped by adding glycine to 200 mM, and undesired reaction products as well as excess reagents were removed by dialysis against 10 mM Tris/HCl pH 7.6, 10 mM CaCl 2 and 5 mM b-mercaptoethanol. The concentration of methylated CaM used in all of the 2-dimensional NMR experiments was 75 lM. To compare signal intensities of methylated CaM with uniformly 13 C-labeled CaM, 13 C CaM was prepared as described above except that the cells were grown in M9 media containing 13 C glucose. All 1 H-13 C-edited HSQC spectra were collected at 25°C on a 600 MHz Bruker spectrometer equipped with a cryogenic probe at eight scans and 256 indirect points. The data were processed using NMRPipe software (Delaglio et al. 1995) . The HVR of K-Ras4B has the amino acid sequence 'KEKMSKDGKKKKKKSKTKCVIM'. W-7, the CaM antagonist, was purchased from Biomol International, LP.
Results and discussion
The usefulness of reductive methylation of lysines in NMR for detection of protein-ligand interactions is currently unappreciated. Here we demonstrate the potential of this easy-to-implement and largely non-perturbing technique. Reductive methylation of CaM was performed by adding 13 C enriched formaldehyde to the protein solution in the presence of a reducing agent. Formaldehyde reacts with the e-amino group of the lysine residue to form a Schiff base intermediate (Rayment 1997) . Under reducing conditions the intermediate is rapidly converted to a secondary amine as illustrated in the reaction scheme shown in Fig. 1a . The reaction proceeds one more round in the presence of sufficient formaldehyde to yield a tertiary amine as shown in Fig. 1b . It should be noted that reductive methylation does not change the intrinsic charge on the lysine residue (Rayment 1997) . The completeness of CaM methylation was confirmed by MALDI-TOF mass-spectrometry which indicated the presence of eight di-methylated lysines and a di-methylated N-terminus (Supplementary data, Fig. 1S ).
Lysine side chains that are commonly found on the protein exterior experience unobstructed rotations. The frequency of these rotations may exceed the molecular tumbling rate. We therefore hypothesized that the methyl groups on lysine residues may possess favorable relaxation properties due to the low order parameter of the lysine side chains. To test this hypothesis we compared signal intensity of 13 C methyl groups in 50 lM 13 C-labeled CaM with that of 13 C methyl groups introduced by reductive methylation on lysines in 50 lM unlabeled CaM. Figure 2 shows that 13 C methyl groups on lysine residues can be detected by NMR with approximately ten times higher sensitivity than methyl groups in aliphatic amino acids. This characteristic makes methyl groups on lysines unique structural probes. We postulate that the order parameter of the methyl axis rotation is lower for the methyls at the ends of lysine side-chains leading to favorable relaxation times and subsequently higher intensities in NMR spectra compared to aliphatic methyls which may be buried in the hydrophobic core of the protein molecule. This implies that reductive methylation may be used to study high molecular weight protein systems by NMR. It should also be noted that the chemical shifts of the two 13 C methyl groups on each lysine are often degenerate which also contributes to the higher sensitivity of the signals.
To test if the methyl groups on lysines are sensitive to a conformational change in the protein of interest, 1 H-13 C HSQC spectra of CaM in the presence and absence of Ca 2?
were compared (Fig. 3) . In the spectrum of apo-CaM only four out of eight expected signals belonging to methyl groups on lysines were observed due to signal overlap. The signal overlap may result from the fact that, due to their solvent exposure and motion averaging, the methyl groups on lysines may possess very similar chemical shift values. This constitutes a potential limitation of the use of reductive methylation in NMR. Also, in some cases where the lysines are critical for the function of the protein reductive methylation may affect protein function (Ganzhorn et al. 1996). Addition of Ca 2? causes significant shifts in three peaks and the appearance of an additional peak (Fig. 3) which illustrates the conformational differences between the Ca 2? -loaded and apo-loaded forms of CaM (Komeiji et al. 2002; Weljie et al. 2003) . The conformational change induced by Ca 2? binding to CaM is responsible for exposing hydrophobic pockets in the N-and C-terminal globular domains and renders CaM competent for binding to its targets (Weljie et al. 2003; Ye et al. 2006 ). The observation shown in Fig. 3 indicates that reductive methylation can be used for NMR detection of a conformational change resulting from metal binding.
Next, we studied binding of the K-Ras4B HVR to Ca 2? -CaM. The HVR peptide was added to Ca 2? -CaM in the molar ratio of 2:1. Using a fluorescent HVR fusion construct, it has been shown that HVR mediates binding of human K-Ras4B to CaM in vivo (Fivaz and Meyer 2005) . The HVR is required for CaM mediated removal of KRas4B from the plasma membrane in response to PDGF signaling (Liao et al. 2006) . Ca 2? -loaded CaM is known to bind to its various targets using hydrophobic patches on its N-and C-terminal domains (Fallon et al. 2005; Meador et al. 1992; Weljie et al. 2003; Ye et al. 2006 ). Several peptides have been shown to induce a conformational change in Ca 2? -loaded CaM upon binding. Examples are the CaM binding region of the smooth muscle myosin light chain kinase, the CaM binding region of calcineurin, and the hydrophobic IQ domain of the cardiac Ca(v)1.2 calcium channel (Fallon et al. 2005; Meador et al. 1992; Ye et al. 2006) . Binding of the K-Ras4B HVR may have a similar effect. The overlay of the CaM 1 H-13 C HSQC spectra obtained in the presence and absence of HVR shows differences in three chemical shifts, which suggests that the HVR of K-Ras4B binds to CaM (Fig. 4) . Thus, we propose that the 13 C methyl groups on lysines can be used to detect conformational changes caused by protein-protein interactions. Several CaM structures have shown that all lysine residues are surface exposed, and therefore are not likely to be involved in direct interactions with the peptide of interest (Fallon et al. 2005; Meador et al. 1992; Ye et al. 2006) . Although the observation of HVR binding to CaM is not novel, the use of reductive methylation for detection of this interaction confirms the utility of this technique for discovery of protein-protein interactions that are accompanied by a conformational change.
Furthermore, the technique of reductive methylation would be particularly significant if it could be used in the pharmaceutical industry for development of drug binding assays. To test our hypothesis that small molecule binding can be detected by NMR of reductively methylated lysines, a known Ca 2? -CaM antagonist, W7 was used (Tanaka et al. 1982) . W7 has been demonstrated to induce a conformational change in CaM. The solution structure of the Ca 2? -CaM-W7 complex shows that none of the lysines are directly involved in W7 binding to the hydrophobic pocket on each of the two domains of CaM (Osawa et al. 1998) .
W7 was dissolved in 50% ethanol and added to CaM in the molar ratio of 2:1. Ethanol was used as a co-solvent because W7 has limited solubility in aqueous solution. The same solution without drug was added to CaM as a negative control. The final amount of ethanol in both samples was 0.19%. 1 H-13 C HSQC spectra were acquired at 600 MHz on methylated CaM and CaM-W7 complex. The overlay of the two spectra shows chemical shift changes in four peaks (Fig. 5a ). This illustrates that reductive methylation may be successfully used to discover small molecule binding with high sensitivity. Current NMRbased drug screening techniques rely on the use of relatively expensive and time consuming isotopic enrichment to detect small molecule binding. Alternatively, small molecule binding can be detected by observing ligand signals in diffusion based, NOE pumping or transferred NOE experiments (Zartler and Shapiro 2006) . However, these methods only allow identification of low affinity binding. Our results indicate that small molecule binding causes a change in the microenvironment of lysine residues, even when they are not directly involved in the interaction with the protein. This suggests that the use of reductive methylation may provide a viable alternative to the available methods because it offers high sensitivity NMR signal detection at low protein concentrations and would allow identification of low and high affinity binding molecules. In our experiments, signals from methylated CaM could be detected at concentrations as low as 10 lM bound (blue) and HVR-bound methylated Ca 2? -CaM (red). The spectra were acquired at 600 MHz at 25°C after just eight scans (data not shown). This would be particularly useful in screening small molecules for their ability to interact with a protein that is difficult to label with 13 C and 15 N and/or to produce in sufficient quantity to conduct conventional NMR experiments.
To address the possibility that the observed chemical shift changes in lysine methyl groups may be due to crowding of hydrophobic molecules near the protein surface we also tested the effects of L-Tryptophan at the same molar ratio to Ca 2? -CaM as in the case of W7. L-Tryptophan does not bind specifically to CaM and does not act as a CaM antagonist (Ouyang and Vogel 1998) . Addition of LTryptophan did not produce any significant chemical shift changes (Fig. 5b) which confirms that the technique does not yield false positive results, and can be used reliably to detect specific molecular interactions that induce conformational changes.
Conclusion
In conclusion, we have demonstrated that reductive methylation offers a rapid, inexpensive, and sensitive way to detect conformational changes in the protein of interest due to metal binding, as well as interactions with peptides and small molecules. This is significant, since molecular interactions are often accompanied by a conformational change. Due to a reduction in NMR spectrum complexity, it may also be used as an initial approach to identify proteins that exhibit multiple conformations in slow exchange.
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